A sharp increase in mitochondrial Ca 2+ marks the activation of the brown adipose tissue (BAT) thermogenesis, yet the mechanisms preventing Ca 2+ deleterious effects are poorly understood.
Introduction
The brown adipose tissue (BAT) dissipates energy in the form of heat after hormonal or adrenergic stimuli triggered by cold-exposure 1, 2 . This pathway is initiated by the sympathetic neurotransmitter Norepinephrine (NE), which induces a PKA-dependent lipid mobilization and oxidization. Resultant free-fatty acids (FFAs) activate BAT signature protein, Uncoupler Protein 1 (UCP1) leading to proton leak and uncoupled respiration 1, 3, 4 . In addition to their role in inducing UCP-1 function, FFAs undergo β-oxidation and fuel the TCA cycle for production of reducing equivalents, to supply the electron transport chain (ETC), essentially utilized to drive uncoupled energy expenditure 2 . However, for TCA cycle to meet up with the energy demand of thermogenesis, mitochondrial Ca 2+ is required for upregulating the activity of the dehydrogenases and ETC components [5] [6] [7] . Yet, uncontrolled or prolonged mitochondrial Ca 2+ rise, often encountered during ischemic 8 or neurodegenerative diseases 9 , can lead to opening of the mitochondrial permeability transition pore (mPTP) 10, 11 .
The opening of mPTP has been associated with two hallmarks, the first is depolarization and a collapse in membrane potential, which is accompanied by excess of mitochondrial Ca 2+ accumulation 8, 12 . The association between mitochondrial Ca 2+ overload and depolarization is not well-understood, yet both stimuli were shown to be essential and sufficient for the pore opening, leading to mitochondrial swelling and triggering Cytochrome c release; thus impairing respiration and culminating in cellular death [12] [13] [14] . Thereby, the fine-tuning of mitochondrial Ca 2+ homeostasis in conjugation with thermogenesis, has to be tight and well-regulated to avoid detrimental effects on cell physiology.
Mitochondrial Ca 2+ uptake is mediated through a highly selective Ca 2+ channel, recently linked to the mitochondrial calcium uniporter (MCU) gene 15, 16 , Ca 2+ is subsequently transported out primarily by a mitochondrial Na + / Ca 2+ exchanger termed NCLX 17 . These components were known for decades but their molecular identities have been discovered only recently 18 .
The contribution of mitochondrial Ca 2+ signaling to thermogenesis upon cold-stress is poorly understood and little is known about its role in BAT, despite its potential importance based on early studies, where it was shown that Na +dependent mitochondrial Ca 2+ extrusion is essential for brown adipocyte (BA) uncoupled-respiration 19 . However, the involvement of this process in BAT thermoregulation or its mode of regulation remained largely unknown.
A recent study showed that that PKA-mediated phosphorylation of NCLX, at a serine residue (Ser258) located on the regulatory site of the protein rescued mitochondrial Ca 2+ efflux in depolarized neurons lacking PINK1 20 . However, the physiological role of this PKA-dependent regulation is still unclear.
In this study, we show that adrenergic signaling activates a NCLX-mediated mitochondrial Ca 2+ efflux required to establish both uncoupled energy expenditure and BAT cellular viability.
In the absence of adrenergic stimulation, deletion of the NCLX is inconsequential. While adrenergic stimulation of WT BA elicits thermogenic response characterized by a robust increase in mitochondrial respiration, adrenergic stimulation of BA lacking NCLX results in Ca 2+ overload, mitochondrial swelling and Cytochrome c release leading to cell death in BAT. We found that mPTP inhibition fully restores the thermogenic capacity of NCLX-null BA both in vitro and in vivo. Overall, this study reveals a novel pathway through which mitochondrial Ca 2+ efflux permits a robust activation of respiration in response to profound uncoupling, while preventing the activation of cell death pathways.
Results

Mitochondrial Ca 2+ extrusion is regulated by PKA activity in BAT
Cell stimuli mediated by different signaling molecules and hormones prompt an increase of cytosolic Ca 2+ signals either from the influx of extracellular Ca 2+ via the plasma membrane Ca 2+ channels or the release of Ca 2+ from internal stores, mostly via the 1,4,5triphosphate receptor (IP3R) 21 . Increase of cytosolic Ca 2+ leads to an increase in its uptake by the mitochondria and is succeeded by its extrusion from the organelle as demonstrated in Figure 1a upon NE stimulation. Noticeably, Ca 2+ influx rate is faster than its efflux rate, indicating that the Ca 2+ extrusion entity is the rate-limiting controller of mitochondrial Ca 2+ transients due to its slower activity (Fig. 1a) .
We initially determined whether Ca 2+ efflux is Na + -dependent in intact BA upon physiological stimulation by superfusing primary BA cells with NE while monitoring mitochondrial Ca 2+ fluxes using the mitochondrial Ca 2+ dye, Rhod-2 AM. We found that mitochondrial Ca 2+ release, but not its uptake, is dependent on Na + in BA. Substituting Na + iso-osmotically with NMDG + resulted in a strong reduction in mitochondrial Ca 2+ efflux. Therefore, we conclude that the mitochondrial Na + / Ca 2+ exchanger is an essential mechanism for mitochondrial Ca 2+ extrusion in BAT (Fig. 1b,c) .
Although NE is the physiological stimulus of BAT, this agonist has a broad activity besides inducing intracellular Ca 2+ rise. Therefore, we applied the purinergic agonist (ATP) to induce intracellular Ca 2+ transients similar to the previous system. ATP, a broadly-studied purinergic agonist mobilizes Ca 2+ to the cytosol and subsequently to the mitochondria by depleting the ER stores via IP3R 22 . Unlike NE, ATP activity does not involve stimulation of Gs alpha subunit and induction of PKA signaling [22] [23] [24] . Unexpectedly however, Ca 2+ efflux, but not Ca 2+ uptake, was almost totally inhibited when the cells were stimulated by ATP as compared to NE. Yet, this inhibition was reversed when the cells were pretreated with the PKA agonist, Forskolin (FSK),
indicating that under physiological activity of BAT, NE signaling is amplifying a PKA-mediated pathway that is required to upregulate mitochondrial Ca 2+ efflux ( Fig. 1d-f ).
To further validate the role of PKA signaling in the activation of mitochondrial Ca 2+ efflux, we stimulated BA with NE in the presence or absence of the PKA inhibitor, H-89 and mitochondrial Ca 2+ was monitored. Consistent with the results presented in Figure 1d -f, mitochondrial Ca 2+ efflux, but not the influx, was entirely blocked by H-89, further supporting that PKA signaling is essential for regulating mitochondrial Ca 2+ efflux in BAT ( Fig. 1g-i) .
Overall, these data show that NE regulates mitochondrial Ca 2+ efflux, but not influx, in a PKAdependent manner.
NCLX activity is essential for NE-induced mitochondrial Ca 2+ efflux and uncoupled respiration in BA
Next, we asked whether NCLX is essential for mitochondrial Ca 2+ efflux in activated BA and then tested its role in uncoupled respiration and energy-expenditure. First, mitochondrial Ca 2+ signaling was monitored in primary BA transfected with small interfering RNA, siNCLX or siControl ( Fig. 2a-c) ; and in isolated BA from NCLX-Knock-Out (KO) and WT mice ( Fig. 2d- i). In both experimental paradigms, mitochondrial Ca 2+ efflux was totally inhibited (Fig. 2c,i) , promoting a sustained mitochondrial Ca 2+ overload after adrenergic stimulation. Our results further show that adrenergic stimulation did not affect mitochondrial Ca 2+ uptake (Fig. 2b,h) or result in alterations of MCU expression levels tested in NCLX-ablated BA ( Fig. 2e,f) .
Collectively, these data indicate that NCLX is the primary Ca 2+ exporter in BAT mitochondria.
Subsequently, we investigated the bioenergetic consequences of NCLX deletion in primary BA.
We hypothesized that NCLX activity will be required to maintain NE-stimulated mitochondrial uncoupling and energy expenditure in BA. To test this hypothesis, we compared NE-stimulated oxygen consumption rates of primary BA from NCLX KO mice and WT mice. As shown in Figure 2j , the increase in oxygen consumption rate (OCR) induced by NE is a measure of mitochondrial uncoupled respiration in BA, at physiological conditions. This is validated by the negligible effect of the ATP synthase inhibitor, oligomycin, on NE stimulated respiration (Oligomycin injection, Fig. 2j ).
Our results show that that uncoupled respiration due to adrenergic stimulation by NE is remarkably suppressed in NCLX KO BA, losing close to half of the capacity as compared to WT group (Fig. 2j,k) . To determine if reduced energy expenditure was a result of reduced respiratory capacity or decreased activation of proton leak by UCP1 we employed an artificial uncoupler, FCCP. Maximal capacity for uncoupled respiration was tested in BA by injection of FCCP into the respirometer chamber after NE. Our results show that adrenergically stimulated NCLX-null BA have a strong decrease in their mitochondrial maximal respiration compared to stimulated WT, with a maximum of 437.4 ± 36.64% of basal respiration for WT compared to 173.8 ± 19.37% for NCLX-null BA (Fig. 2j,l) .
We further recapitulated this system in primary BA from WT mice, and subjected the cells to a Na + -containing medium or a Na + -depleted medium, by iso-osmotically substituting Na + with NMDG + . Similar to the previous bioenergetics experiment, we observed that removal of Na + caused a reduction in adrenergic respiratory response, followed by suppression of maximal respiration ( Supplementary Fig. 1a-d) . Unlike the NCLX-null BA however, basal respiration was reduced in this experimental system, which can be attributed to off-target effect of lack of Na + on metabolic functions ( Supplementary Fig. 1a ).
In all, we show that the NCLX is a critical component for the regulation of BA respiratory rates and thermogenesis, induced by adrenergic stimulation, to maintain mitochondrial uncoupling and prevent Ca 2+ overload.
NCLX is essential for BAT thermogenic function in vivo
Based on the observed impairment in adrenergic-stimulated uncoupled respiration of NCLXdeficient BA in vitro, we assessed the role of NCLX in BAT thermogenesis by comparing in NCLX KO mice to their WT.
We used several complementary approaches to evaluate BAT energy expenditure and thermogenic capacity. First, we determined defense of body temperature after acute response to cold stress by continuously measuring mice core body temperature at ambient 4°C. Our results show a major impairment of body temperature defense in NCLX KO male mice after acute cold exposure for 6-8 h, as nearly 70% of the mice were pulled out due to their impaired thermogenic function. This is depicted in the survival curve where the term survival indicates the capacity to maintain body temperature above 28°C (Fig. 3a,b ). This finding was further confirmed in another cohort of NCLX KO and WT male littermates ( Supplementary Fig. 2a,b ). We then monitored mice whole body oxygen consumption during cold stress at 4°C. No difference in the mice oxygen consumption was observed at time=0. However, at T=7 h whole body oxygen consumption was significantly reduced in NCLX KO compared to WT mice, with substantial loss of more than 40% of their O2 consumption (Fig. 3c ).
To further dissect BAT non-shivering thermogenesis from shivering components controlled by the muscles, we measured oxygen consumption in response to a selective β3-adrenergic agonist, CL-326,243 in anesthetized mice. CL-326,243 was injected to NCLX KO and WT mice that were kept under thermoneutrality (30°C) to eliminate basal activity of the muscles or BAT.
Consistent with our cold stress experiments, we observed in two different cohorts, a significant lower O2 consumption in NCLX KO mice after β-3 stimulation as compared to their WT mice, pointing to a thermogenic dysfunction of BAT in these mice (Fig. 3d-f and Supplementary Fig. 
2c-e).
To determine the gene-dose dependent effect we proceeded with evaluation of the heterozygous deletion of NCLX (NCLX +/-). Thermogenic capacity of NCLX +/-mice was also reduced in comparison to their WT littermates, exhibiting significantly lower survival rates and core body temperatures after 6-8 h of cold-stress compared to their WT littermates (Fig. 3g,h) .
Furthermore, BAT specific adrenergic activation induced by CL-326,243 injection promoted lower oxygen consumption rates in NCLX +/-mice as compared to WT (3232.5±332 and 2536.7±181 ml/kg/h for WT and NCLX +/-respectively), These results strengthen our hypothesis that the NCLX activity is indispensable for BAT thermogenic function (Fig. 3i,j) .
Moreover, to determine if the phenotype of NCLX KO mice is gender dependent, we tested our in vivo results in female littermates of WT, NCLX +/-and NCLX KO. Both NCLX +/-and NCLX KO female mice are cold-intolerant and have a worse survival rate compared to their WT littermates. ( Supplementary Fig. 3a,b) .
Overall, these results indicate that mitochondrial Na + /Ca 2+ exchange is essential for adrenergic uncoupled respiration and activation of thermogenesis in BAT.
Bioenergetics defects in NCLX-null BA are acutely induced following adrenergic stimulation
To investigate the mechanism underlying the suppression of NE-induced uncoupled respiration triggered by NCLX loss and demonstrated in vitro and in vivo, we first looked for changes in UCP1 expression levels, However we were unable to detect any changes in the protein expression levels in NCLX KO BA as compared to WT BA (Fig. 4a,b ). Since a reduction in mitochondrial mass can contribute to the loss of respiratory capacity, we assessed mitochondrial mass by two independent approaches: (1) Western blot analysis of the mitochondrial protein importer TOM20 and (2) Staining with Mitotracker Green, a fluorescent dye that covalently binds to the mitochondria independently of its membrane potential. These experiments showed no indicative changes in mitochondrial mass ( Fig. 4c-e ).
Moreover, Expression levels of OXPHOS complex subunits before and after adrenergic stimulation of BA from NCLX KO and WT were unchanged ( Fig. 4f,g) .
Interestingly however, spare respiratory capacity before NE stimulation was unaffected in NCLX KO BA compared to their WT. Yet, NE stimulation of NCLX KO led acutely to a collapse of bioenergetics and disability to meet the energy demand ( Fig. 4h ).
Overall, these results indicate that the mechanism underlying the bioenergetics defect triggered by NCLX loss is functional and acutely induced by NE and independent of UCP1, mitochondrial mass or OXHPOS expression.
NCLX is essential for maintaining BAT functionality and viability during the activation of thermogenesis
Mitochondrial Ca 2+ overload can impair respiratory capacity by the induction of permeability transition and mPTP opening. Activation of mPTP involves mitochondrial swelling, release of Cytochrome c and can eventually lead to cellular death 8, 14, [25] [26] [27] . We hypothesized that Ca 2+ overload, induced by NE stimulation in NCLX-deficient BA may induce permeability transition leading to suppression of thermogenesis.
To test this scenario, we employed complementary in vitro and in vivo models. First, we imaged NCLX KO and WT BA before and after 6 h of NE stimulation. Cells were stained with TOM20 to mark mitochondrial network at the outer membranes and for Cytochrome c.
Super resolution confocal microscopy of BA reveals a NE-induced release of Cytochrome c from the mitochondria of the NCLX deficient cells but not the WT controls ( Fig. 5a,b ). In addition, loss of mitochondrial Cytochrome c was accompanied by a dramatic mitochondrial swelling and mitochondrial rupture of the outer membrane occurring only under adrenergic stimulation of NCLX-deficient cells (Fig. 5a,c and Supplementary Fig. 4a,b) .
To interrogate mitochondrial swelling at high temporal and spatial resolution in adrenergically stimulated NCLX-null BA, mitochondrial outer membranes were labeled with mCherry-Fis1 probe. Time-lapsed imaging showed that mitochondrial swelling of NCLX KO occurs in a spatially organized manner that starts at one pole and gradually propagates to the center of the cell (Fig. 5d ).
These results strongly suggest that stimulated BA require NCLX activity to prevent mitochondrial swelling and loss of Cytochrome c.
The observation of mitochondrial swelling and Cytochrome c release, in NE-stimulated NCLXnull cells in culture suggested that cold exposure may lead to cellular death in BAT. To determine the effect of adrenergic stimulation on cell viability in vivo we applied an intermittent cold exposure protocol with the goal of allowing prolonged activation of BAT while preventing hypothermic mortality. Animals were cold-stressed at 4°C for 5 days with recovery periods after a 4-6 h of cold-stress till they gained back their core body temperature. On day 5, BAT was harvested and cellular death was assessed by TUNEL staining of BAT. Evaluation of positive cells per mm 2 (Fig. 5e-g ) and the percentage of TUNEL+ cells ( Fig. 5e,f,h) demonstrate a remarkable cellular death rate of BA from cold-stressed NCLX KO mice as compared to WT (Fig. 5e,f and Supplementary Fig. 5 ).
Overall, these results indicate that NCLX activity, in vitro and in vivo, is critical for BA survival during adrenergic stimulation by preventing the ensuing mitochondrial Ca 2+ overload.
Blockage of mPTP rescues uncoupled-energy expenditure and thermogenesis in NCLX-null BAT
The findings described in Figure 5 showing mitochondrial swelling and Cytochrome c release in activated NCLX-null BA, suggest that in the absence of NCLX, stimulation with NE leads to mitochondrial Ca 2+ overload and to the induction of permeability transition. A major regulator for the mPTP opening is Cyclophilin D (CypD) [28] [29] [30] . Inhibitors of CypD such as Cyclosporin A are potent immune-modulators and have off-targets by interfering with Cyclophilin A and with Calcineurin 31 . However, a novel non-immunosuppressive Cyclosporine derivative, named NIM811, has been shown to effectively block Ca 2+ -induced mPTP opening, without exerting inhibitory side-effects on calcineurin 31, 32 .
To test the role of mPTP in mediating the bioenergetics phenotype of NCLX-null BA, we tested the effect of NIM811 on BA response to NE. Primary NCLX KO and WT BA were pretreated either with vehicle (DMSO) or NIM811 and subjected to OCR measurements. We observed that respiratory rates during NE stimulation were not affected by NIM811 in BA of WT mice ( Fig.   6b and Supplementary Fig. 6 ). Strikingly however, NIM811 pretreatment fully restored and rescued NE response in NCLX KO BA with rates similar to the WT BA ( Fig. 6a,b) . Moreover, this effect was followed by a recovery of maximal respiration (Fig. 6a ).
We then asked if NIM811 treatment can rescue BAT function of NCLX-null mice in vivo. We pretreated NCLX KO mice either with vehicle or NIM811 (50mg*kg −1 ) and compared their thermogenic function to WT mice, this was followed by the measurement of BAT glucose uptake during cold exposure, assessed by μPET/CT imaging with 18 F-fluorodeoxyglucose ( 18 F-FDG) analog (Fig. 6c ). While cold-stress of 6-8 h exhibited a worse survival rate and impaired cold-tolerance of NCLX KO treated with a vehicle, the NIM811-treated NCLX KO mice displayed an increased overall survival rate, with values remarkably similar to WT animals ( Fig.   6d and Supplementary Fig. 7) .
We next determined cold-induced BAT activity, assessed by in vivo glucose uptake utilizing the 18 F-FDG analog. While NCLX KO mice showed a reduction of 60.33% ± 18.67% in BAT glucose uptake as compared to WT, the NIM811 pretreated NCLX KO mice almost fully recovered their BAT glucose uptake reaching values similar to those found in WT mice (Fig. 
6e,f and Supplementary Videos 1-3).
Overall, this set of data suggests that inhibition of the mPTP by NIM811 can restore NE-induced mitochondrial respiration in NCLX KO BA and rescue thermogenesis in both in vitro and in vivo systems, thus confirming the role of the mPTP in the pathogenic effect of NCLX deficiency.
Discussion
Activation of thermogenesis involves cytosolic and mitochondrial calcium elevations, supporting a surge in oxygen consumption and energy expenditure, called upon by adrenergic stimulation of mitochondrial uncoupling and depolarization 5, 6, [33] [34] [35] [36] . Yet, the exact same conditions are shown in other cells to effectively induce permeability transition, mitochondrial swelling and Cytochrome c release [8] [9] [10] . The mechanism by which brown adipocytes avoid death while responding to a thermogenic signal has not been elucidated. In this study, we have identified a mitochondrial Ca 2+ extrusion pathway that is activated hormonally by the neurotransmitter NE in BA, and is mediated by the mitochondrial Na + /Ca 2+ exchanger, NCLX. Identification of NCLX as the molecular entity regulating mitochondrial Ca 2+ efflux during thermogenesis allowed us for the first time to look into the mechanism by which BA regulate mitochondrial Ca 2+ elevation and prevent depolarization-induced permeability transition and death during activation of thermogenesis ( Fig. 6g and Supplementary Fig. 8 ).
In vitro and in vivo experiments in this study show that stimulation of Ca 2+ extrusion is
indispensable for physiological uncoupled energy expenditure in BA. Mechanistically, this is the first study that shows a physiological role of PKA-regulated mitochondrial Ca 2+ extrusion via NCLX activation. Furthermore, we find that adrenergic activation of NCLX-null BAT impairs mitochondrial bioenergetics through the activation of permeability transition, allowing mitochondrial swelling and Cytochrome c release, followed by cell death. Our study and a recent work in cardiac-induced model of NCLX KO 37 suggest that NCLX acts as an anti-apoptotic mechanism by inhibiting mitochondrial Ca 2+ overload. Moreover, our study provides a first evidence of a hormonal-stimulus resulting in mitochondrial Ca 2+ overload and leading to cell death. This supports previous studies demonstrating that, apart from its stimulatory thermogenic role, NE functions as a pro-survival hormone for BAT 2, 38 . In this study we used global NCLX KO, raising the possibility for the involvement of the deletion of NCLX in other tissues.
However, there are several reasons supporting that the impaired thermogenesis in vivo was due to BAT dysfunction. First, non-shivering assessment by β-3 stimulation and 18 F-FDG uptake in BAT, are organ-specific measurements in BAT. Second, our in vitro system of isolated NCLX KO BA, demonstrating an impaired energy expenditure and remarkable mitochondrial damage, recapitulate the in vivo phenotype. These data support the argument that the phenotypes seen in BAT are unlikely to be secondary to other organs.
Remarkably, this study shows that mitochondrial Ca 2+ overload is not deleterious per se for mitochondrial bioenergetics as long as the mPTP remains closed. Pharmacological inhibition of the mPTP by NIM811 was able to completely rescue the adrenergically-mediated bioenergetics defects and the thermogenic dysfunction of NCLX KO BAT, in in vitro as well as in vivo. This is in agreement with a recent study showing that NIM811 can prevent cell death induced by mitochondrial Ca 2+ in liver and mediated by the loss of Micu1, a regulator of MCU 32 . In summary, the results of this study reveal that NCLX plays an essential role in regulating thermogenic BAT metabolic function and viability. The physiological relevance of PKAregulation of NCLX and mPTP inhibition shown in the study open new avenues for targeted therapeutic strategies for pathological conditions in which impaired metabolic status is triggered by perturbed mitochondrial Ca 2+ homeostasis.
Materials and Methods
Experimental animals
The mice studies were conducted under an approved Institutional Animal Care and Use For in vivo experiments and analysis a randomization and a double blinded-manner were performed using ear-tagging and random mice numbering systems which were revealed after the termination of the experiment.
NIM811 drug preparation and delivery
For mPTP studies, mice were injected subcutaneously above the dorsal brown fat at 50 mg/kg final dose of NIM811 (Novartis). The injection was made once a day for 5 days before coldstress or μPET/CT experiments. The drug was diluted in a solution containing sterile saline, autoclaved Cremophor EL (15%, v/v) (Kolliphor EL, Sigma, C5135) and sterile Ethanol (5%, v/v) to facilitate administration of NIM811 and its suspension stability.
Thermogenesis and acute cold exposure
Cold exposure experiments were performed as described previously 39 . In brief, subcutaneous, biocompatible, and sterile microchip transponders (IPTT-300, Bio Medic Data Systems, Seaford, DE, USA) were implanted in male and female mice in all groups at least 5 days prior to experimentation. On the day of the experiment, mice were housed singly in pre-chilled cages at 4°C with free access to water. Body temperature was assessed every 30-45 min for 6-8 h using a wireless reader system (DAS-8007, Bio Medic Data Systems).
According to our IACUC protocol we defined "survival" when mouse body temperature remained >28°C. At any temperature equal or below 28°C, mice were rescued by removal to room temperature. The time of removal was recorded and considered as drop-out.
For experiments in which cell viability was detected in vivo, we applied an intermittent cold exposure which allows for longer term cold exposure while preventing animal death. Animals were exposed to cold at intervals of 4-6 h intermitted by recovery periods till the mice gained back their core body temperature on a course of 5 days.
In vivo measurement of BAT function
In order to evaluate non-shivering thermogenesis and BAT function, we measured whole-body O2 consumption at basal and in response to β3-adrenergic agonist, CL316-243 (Sigma, C5976), in anesthetized mice as described previously 40 . Briefly, mice were housed at thermoneutrality (30°C) to eliminate any basal effect of brown fat and muscle shivering activity, mice were anesthetized using pentobarbital (120 mg/kg) at 30°C and placed in metabolic cages with environmental enclosures at 30°C (CLAMS-ENC). After 45-60 min, CL was subcutaneously injected (1 mg/kg) and mice were placed back in the metabolic cages for O2 consumption measurements.
To assess BAT function during cold-stress condition, the metabolic cages were pre-chilled at 4°C, mice were again singly housed in the 4°C cages and O2 was monitored for 7-8 h. Preclinical Imaging Technology Center. Mice were injected with the radioactive glucose analog 18 F-FDG as reported previously 41 . In brief, mice were injected via lateral tail vein with 70 µCi of 18 F-FDG followed by 60 min of unconscious uptake under 1.5% isoflurane of anesthesia and cold-conditions. This was followed by a static μPET/CT imaging. a Region-Of-Interest analysis was conducted using AMIDE software 42 on dorsal BAT. The uptake was normalized to liver as a reference tissue.
PET/CT Imaging
Cell culture
Primary BA were generated by differentiating pre-adipocytes isolated from BAT as described in detail previously [43] [44] [45] . BAT was harvested from 3 to 4-weeks-old WT and NCLX KO mice. The For mPTP inhibition experiments, cells at the beginning of differentiation process were cotreated with DMSO, or CyPD inhibitor NIM811 at a concentration of 500nM (Novartis).
Virus preparation
mCherry-GFP-FIS1(101-152) construct was a generous gift from Ian Ganley 46 , plasmid was packaged into adenoviral particles (Welgen) and was used to stain outer-mitochondrial membrane. For the studies presented here , only the mCherry fluorophore was excited and recorded.
Measurement of Oxygen Consumption rate
Ten thousand primary brown pre-adipocytes were plated, grown and differentiated for 7 days on a Seahorse 24-well microplate (Agilent, Santa Clara, CA). Oxygen consumption rate of the cells was measured using Seahorse XFe24 Analyzer, as previously described 44, 47 . Normalization to cell number was done using the Operetta fluorescence microscope by counting the number of nuclei using Hoechst staining (2 μg/mL, Thermo).
Before the experiment, cells medium was replaced to assay media (DMEM modified medium without sodium bicarbonate (D5030, Sigma) with an addition of 3 mM glucose and 2 mM Glutamine, followed by incubation for 60 min at 37°C (in a non-CO2 incubator) before loading into the XFe24 extracellular analyzer (Agilent). During these 60 min the ports of the cartridge containing the oxygen probes were loaded with the compounds to be injected during the assay (50 L/port) and the cartridge was calibrated.
After steady basal consumption rates were obtained, NE was injected first to a final concentration of 1.5 μM. This was followed by injection of Oligomycin (Calbiochem, San Diego, CA, US) at a final concentration of 2 μM, followed by injection of (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone) FCCP (Sigma, C2920) at a final concentration of 2 μM, Finally, 3 μM Antimycin A (sigma, A8674) was injected to get non-mitochondrial respiration fraction.
siRNA preparation and transfection
Double-stranded siRNAs used to silence NCLX expression was obtained from Ambion (Applied Biosystems) as reported before 17 . The sequence of 21 nucleotides corresponding to the sense strands used for the NCLX siRNA was AACGGCCACUCAACUGUCUtt and that for the control siRNA was AACGCGCAUCCAACUGUCUtt. siNCLX or siControl were diluted in Lipofectamine 3000 transfection reagent according to the manufacturer's instructions (Thermo).
The efficiency of transfection was assessed by visualizing co-transfecting Dharmacon siGLO
Green transfection particles according to the protocol provided by manufacturer (Dharmacon, D-001630-01-05). The transfection efficiency, for siNCLX delivery as determined by siGlo fluorescent marker was ~70-90%. 
High-throughput Imaging
Super Resolution Microscopy
A Zeiss LSM 880 confocal microscope with Airyscan mode was used for super-resolution imaging, with 488 nm and 561nm lasers and 63×objective. 488 nm laser was used to excite Alexa Fluor 488 while 561 nm laser was used for excitation of Alexa Fluor 568 and mCherry fluorophore (in experiments of BA infected with mCherry-GFP-Fis-1 AAV). At least 25 cells per condition were collected, the cells were individualized as areas of interest using FIJI ImageJ software (https://fiji.sc/), and Further image analysis was applied on them as described below.
Fluorescent dyes
Mitotracker Green (MTG), (Thermo) was used at 200 nM. Staining proceeded for 45 min followed by 3 washes with PBS at 37°C. before imaging. Rhod-2 AM (Thermo) was used at 1 μM, cells were stained for 30 min at 37°C. Dye was washed three times with Ringer's buffer and re-incubated for an extra 30 min to allow de-esterification of the intracellular AM esters.
Hoechst was used at 2 μg/mL concentration (Sigma, 33258) to stain the nuclei for 30 min prior to Operetta experiments for counting nuclei of Seahorse assays.
Western Blotting and antibodies
After treatment, cells were rinsed three times with ice-cold PBS and scraped in an ice-cold RIPA lysis buffer (containing 50 mmol/liter Tris-HCl, pH 7.5, 0.1% (w/v) Triton X-100, 1 mmol/liter EDTA, 1 mmol/liter EGTA, 50 mmol/liter NaF, 10 mmol/liter sodium β-glycerophosphate, 5 mmol/liter sodium pyrophosphate, 1 mM sodium vanadate, and 0.1% (v/v) 2-mercaptoethanol) and protease inhibitors (a 1:1,000 dilution of protease inhibitor mixture; Sigma P8340). The lysates were shaken for 20 min at 4°C, centrifuged (13,500 x g, 15 min at 4°C), and the supernatant was collected. Protein concentration was determined using the BCA protein assay (Pierce). Equal amounts of protein (12 μg) were mixed with 4X LDS sample buffer before running on 15% SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride membrane (GVS Life Sciences, #1214429) using a wet transfer system (BioRad Hercules, California, US). The membranes were blocked with 5% nonfat dry milk for 1 h and then incubated with The following antibodies: Total OXPHOS Rodent WB Antibody Cocktail Antibodies were used according to the manufacturer's instructions. After overnight incubation, membranes were washed with phosphate-buffered saline containing 0.1% Tween-20 and then incubated with anti-rabbit IgG secondary antibody (Cell Signaling Technology) solution (1:5,000) for 1 h or anti-mouse (1:2,000) for 1 h. The membrane was again washed as above and then exposed to a chemiluminescent protein detection system (ChemiDoc, MP Imaging system, Bio-Rad).
As an alternative for beta actin, stain-free blotting was used as a normalization method according to manufacturer's instructions (Bio-Rad). Briefly, 0.6% Trichloroethanol (Sigma, T54801) was added to the separating gel. At the end of the electrophoresis of the gel, the gel was exposed to UV for 1 min in order to conjugate tryptophans of the samples with the TCE. After the transfer, the membrane was taken to the ChemiDoc MP system, and an image of the marked proteins was taken. The normalization factor was calculated using the Image lab software, version 5.2.1 (Bio-Rad, Hercules, California, US).
Immunostaining and Immunocytofluorescence
Cells were cultured and differentiated on quadrant dishes and fixed at 4% vol/vol Paraformaldehyde (PFA) for 15 min at room temperature. After washing three times in PBS, cells were incubated in permeabilization buffer (2 L/mL Triton X-100 and 0.5mg/mL Sodium Deoxycholate in PBS, pH 7.4) for 15 min at room temperature. Subsequently, cells were blocked with 3% BSA for 1 h at room temperature. Next, cells were incubated with 1:200 primary antibody of Cytochrome c (Abcam, ab110325) at 4°C overnight. The next day, cells were washed in PBS and incubated with 1:200 primary antibody of TOMM20 (Tom20 FL-145, Santa Cruz) at 4°C for overnight. On the last day, 1:500 Anti-Rabbit Alexa Fluor or 488 (A11008, Thermo) or Anti-Mouse Alexa Fluor 568 antibodies (Thermo, A11004) for 1 h at room temperature. samples were kept in PBS.
Image Analysis
Cytochrome c release was determined by quantifying integrated extra-mitochondrial FI (AU) using FIJI software and normalized per total cell area (μm 2 ). Swelling was assessed by the following criteria: visual inspection for fragmented and spherical mitochondria that have a diameter > 4 μm. Cells with more than 5 mitochondria that were positive for these criteria were scored positive.
Preparation of images for print
Representative microscopy images were transformed from the microscopy format generated by Zen Software (.CZI) to .TIF images using FIJI software. Images were cropped for detail, separated into respective channels, and the window and level parameters were adjusted identically per channel in all images to emphasize the fluorescent structures in the images without manipulation of raw pixel values. Images were then inserted in PowerPoint software and photo-correction was used to enhance the brightness of all images by increasing it by 40% and lowering the contrast by 40% for illustrative purposes.
Western blot images were also transferred to PowerPoint. When Brightness/Contrast were applied, it was done equally to control and experimental groups including all blot area.
For the mCherry-Fis1 experiments, the aim is to show morphological changes. Therefore, Brightness and contrast for each condition were optimized using FIJI taking into account the image's histogram (window and level parameters were not identical).
Histology and Immunohistochemistry Analysis
For in vivo cell death assessment in BAT, mice were continuously cold-stressed for 4 days, 6-8 h each day. On the last day, mice were sacrificed and BAT was excised and fixed overnight for 16 h in 10% buffered formalin and then placed in 70% ethanol. Tissues were then processed and embedded by Translational Pathology Core Laboratory (TPCL) at UCLA and TUNEL ApopTag staining was performed on them according to the following the kit instructions (Millipore, S7101), hematoxylin was used for counterstaining. Slides were then scanned onto an Aperio ScanScope AT at 20X magnification (Aperio Technologies, Inc., Vista, CA). Digital slides were blindly analyzed with QuPath software in order to determine percent and area of TUNEL positive cells 48 .
Statistics
All data are expressed as mean ± SEM. Statistical analysis was performed using Prism 6.0 (GraphPad Software) and two-tailed Student's t-test was used for two groups, Two-way ANOVA followed by Sidak's test was used for multiple comparisons involving two groups and one-way ANOVA with post-hoc Tukey's test was used for multiple comparisons.
For in vivo studies including μPET/CT imaging, histological sectioning, staining and analysis, investigators were blinded from mouse genotype and an ear tagging system enabled unbiased data collection. In vivo experiments involved core facilities that were not familiar with the study, limiting biased results.
Additional Information
Data Availability
Source data including imaging, blots data are available on reasonable request.
Code Availability
Macros built for quantification of Cytochrome c release is available on reasonable request. Note that the NCLX KO animals display impaired thermogenic capacity compared to their WT.
Dashed red line indicates animal removal.
c: VO2 of NCLX KO and WT mice subjected to cold (4°C) at t=0 and t=7h. Note that O2 consumption was similar for both groups at t=0. However, NCLX KO mice lost their respiratory capacity at t=7 h compared to the WT (n=5 mice per group). Representative OCR in response to NE in BA from WT. Cells were pretreated either with DMSO (control) or NIM811 (500nM). Note that NIM811 does not alter respiration in WT BA. 
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